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TECHNICAL NOTE 3758

INTERACTION OF BEARING AND TENSILE LOADS
*ON CREEP PROPERTIES OF JOINIS

]3y B. G. Bodine, R. L. Carlson, and G. K. Manning

SUMMARY

The objective of this investigation was to study the interaction of
bearing and tensile loads on the creep behavior of joints. To achieve
this objective, a specimen was designed which possessed some of the
genersl features of pin and rivet joint comnections. An epparatus was
constructed to apply both bearing and tensile loads to the joint model.

Measurement of deformation was accomplished by the use of a photo-
grid printed on the joint model. Anslysis of the deformation patterns
indicates that the form of the strain-history curves at some points in
the simulated joint is similar to that of the strain-history curves for
uniaxial tensile creep tests. Further, there appears to exist a steady-
state period during which certain creep strain rates remain constant.

This mey imply that the stress distribution during that period is also
constant over part of the specimen.

For the tested specimens, hole elongation due to combined bearing
and tensile loading was composed of an elongation due to the total tension
plus an elongation due to bearing. When the bearing load was not exces-
sive, the elongation due to bearing appeared to be transient, and addi-
tional hole elongation continued at a rate that was spproximately equal
to that for a tensile load of the same total megnitude.

The fracture appearance of specimens subjected to tension and of
specimens subjected to tension and bearing wes similar. The extent of
certain fracture zones differed for the two cases, however.

The results of this exploratory study indicate that several features
of the deformation behavior may be amenable to a simplified analysis.
Before final conclusions can be made, however, more detailed measurements
should be made, and additional tests should be conducted.




2 NACA TN 3758
IIVTRODUCTION

It has often been observed thet the satisfactory design of a struc-
tural assembly made up of many elements camnot be achieved simply by
using basic material data to predict the behavior of the structure as a
wvhole. One case in which such a correletion has been found difficult is
that of loaded composite structures exposed to operating temperatures
high enough to cause creep. It has been.found (refs. 1 and 2), for
example, that the deformation contribution et riveted connections is
greater than had been antlicipated. The successful design of high-
temperature structures that include joints can, therefore, be affected
only 1f proper allowance is made for joint deformation.

One of the objectives of this investigation was to develop a simple
Jjoint model that possessed some of the essentisl features of pin- and
rivet-type connections. It was felt that a study of the modes of defor-
mation resulting from various combinations of loading might furnish a
basis for simplifying assumptions that would permit the prediction of
Joint behavior. The specimen which was used as a Jjoint model (fig. 1(a))
allowed the application of both bearing (through a pin) and tensile loads.
A limitation of the design is that rivet-head pressures and subsequent
sheet friction cannot be represented.

In many sheet riveted comnections, the stress distribution present
in the vicinity of the rivet hole can approximately be represented as
the sum of two stress systems, one due to tension and one due to bearing
(epplied through a rivet in the hole). The superposition of these two
types of stresses should result in a fair approximetion to those in the
riveted joints of actual structures. The ratio of the loads to one another
would depend on the manner of loading, the type of joint, and the number
of rivets. It should be possible, however, to simlste meny joints simply
by varying the ratio of tension to bearing.

During this initial, exploratory study, emphasis was placed on
evolving a system for observing and evaluating the deformations due to
various load combinations. In addition, it was felt that a complete
analysis of the case of tension alone would be necessary for the simpli-
fication of the more complicated case of an actual joint connection.
Thus, much of the preliminary work was devoted to this case.

This investigation was conducted at Battelle Memorial Institute under
the sponsorship and with the financial assistance of the National Advisory
Committee for Aeronautics.
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EXPERIMENTAL WORK

Specimens

The specimens used for this investigation were cut from a 1/8-inch-
thick sheet of 2024-0 aluminum alloy. The loading axis of the specimens
was perpendicular to the direction of rolling. Specimen drewings are
shown in figure 1. The material was tested in the as-received condition.

To eneble measurements of the deformations that took place during
the testing to be made, a photogrid was applied to one face of each

specimen (see fig. 2). The technique used to apply the photogrid is
described in a later section.

Appearatus

The special fixture shown in figure 3 was constructed for applying
tensile and bearing loads to specimens of the type shown in figure 1(a).
Essentially, the apparatus is a lever-type tensile loading frame with an
additional lever to apply a bearing load. Since the lines of action of
the two forces are superimposed, the bearing load is applied by a pin and
yolk arrangement so that the bearing load remains independent of the
tensile load. Both loads remain constant throughout a test.

The electric furnace which enclosed the specimens maintained the
test temperature of 400° F to within 8° F on the 15-inch specimen. Near
the central 9-inch gage section, the temperature varistion was less than
40 ¥, A Minnespolis-Honeywell proportioning controller was used to con-
trol the temperature during tests.

Procedure

The tensile stress-strein diesgram at elevated temperature (fig. k)
and the tensile creep curves (fig. 5) of the material were obtained from
tests made on the specimen shown in figure 1(b).

For the tests in combined tensile and bearing loading, the specimen
shown in figure 1(a) was used. To perform this test, the specimen was
placed in the testing machine, and & small tensile load was applied.

If a bearing losd was to be used, & hardened steel pin 0.495 inch in
dismeter was placed through the hole in the specimen, and a small bearing
load wes applied. The furnace was closed, and the specimen was heated
to the test temperature (400° F) in sbout 40 minutes. After an addi-
tional 20-minute temperature-stebilization period, the test load was
applied. In each combined-loeding test, the tensile load was ccmpletely
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epplied before any bearing load was introduced. It is likely that the
order of loading will have some effect on the deformations that occur.
This would be expected particulerly for those cases in which the defor-
mation is small. However, after large creep deformations have taken
Place, the order of initial loading should become less significant.

After a selected interval, the load was removed, and the specimen
was allowed to cool to room temperature. All specimens were tested at
4000 ¥, and test periods ranged from less than 1 minute to over 24 hours.

Messurement of Strain

The photogrid that was applied to the specimen formed squares meas-
uring 0.0500 ¢+ 0.0001 inch and oriented with their sides perpendicular
and parallel to the axis of the specimen. After testing, these squares
had deformed plastically and their new dimensions were measured. Thus,
longitudinal and transverse strains could be obtained.

Measurements were made with a Geertner micrometer comparstor, the
smallest reading of which was 0.00005 inch. This implies a sensitivity
of 50 microinches. The deviation from the average in four readings for
large values of strain (over 10 percent) was neyer greater than 0.00025
inch, indicating a reproducibility of better than 5 percent. Down to
about l-percent strain, the reproducibility was better than 10 percent.

Application of Photogrid

The face of the specimen which was to receive the photogrid was
cleaned first with steel wool and then with pumice powder. The specimen
was then placed in a warmed box (about 140° F) and spreyed with a photo-
graphic emlsion of the following composition: U parts of photoengraver's
glue, 23 parts of water, 1 part of ammonium dichromaste, and 1/4 part of
ammonia water (refs. 3 and 4). For spreying, the above solution was
diluted by mixing 1 part of the solution to 3 parts of water and U4 parts
of ethyl alcohol. It was not necessary to perform this work under dark-
room conditions. Direct exposure to sunlight was, however, avoided.

Six thin coats of the diluted emulsion were epplied. Approximately
20 minutes of drying time between applications was allowed.

Negatives made from e diamond-ruled glass plate (20 lines to the
inch) were placed over the emlsified face of the speclimen, and printing
was accomplished by exposure to a No. 2 photoflood lamp. The time for
exposure was sbout 16 minutes, and the distance from bulb to plate was
gbout 1 foot. An electric fan kept the specimen cool during exposure.
The printed emmlsion was developed by washing the specimen in a solution
of clothes dye and water for about 5 minmutes. After drying, the grid
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formed on the specimen was generally impervious to moderste handling and
was capable of withstanding exposure to the test temperature of L00° F.

DISCUSSION OF RESULTS

The design of Joints subjected to creep can be based either on an
allowable amount of deformetion or on fracture. The gpproach in studying
Joint behavior would differ in each case. If fracture is the only impor-
tant consideration, a lerge number of stress-rupture types of tests would
yield information for design. However, if allowaeble deformation 1s the
criterion, a more elaborate anslysis involving strain histories is nec-
essary, and fewer but more detailed tests must be performed. Often a
more conservative design is necessary than that suggested by fracture
data. This investigation was concerned primarily with recording defor-
metion histories.

An important factor that has not been investigated in this explor-
atory study is the effect of the geometry of the test model. It is
expected that the hole diameter-~to-width ratio, hole diameter-to-thickness
ratlo, and hole width-to-thickness ratio willl have effects on the defor-
mation patterns. Further tests are needed to evaluate these effects.

Plate Subjected to Tensilon

When the plate aresa surrounding a hole is under a sufficiently high
tensile stress and at an elevated temperature, creep will occur. Unfor-
tunately, the strains will not be uniform across a section containing
the hole because of the stress concentration caused by the presence of
the hole. In figure 6, the meximm strains in the test specimen of fig-
ure 1(a) are shown after various periods of time had elspsed. The applied

stressl of 14,000 psi was ebove the yield point of the material. Strains
were measured in the direction of the applied stress along & line per-
pendicular to the load and passing through the center of the hole (line A-A).
Also shown in figure 6 are the theoretical strains that would have occurred
had the plate remained elastic (refs. 5 and 6) and the strains due to the
initial plastic loading (zero time). Previous work (refs. 7 and 8) on
2024-T3 aluminum-glloy sheet at room temperature has shown thet the stress
and strain concentration factors nesr a hole in a very wide plate sub-
jected to plastic loading are given spproximstely by

1The term "applied stress" refers to the longitudinal stress across
e section of the specimen away from the hole.
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-1+ a(Es)a,n:[E

UC-F. =
(Es),,
and
E
€C.F. = 2 + _E(S#
(Bs)a,x/2
where
oC.F. stress concentretion
€C.F. strain concentration

(Es)a, /2 secant modulus at point of maximm stress

(Es)m secant modulus at a point far removed from hole

The concentrations computed from these formulas for the values from fig-
ure 6 are:

oC.F. = 1.3k

€C.F. = 7.85
Experimentally determined values are:2

oC.F. = 1.56

eC.F.

9.13

The difference between the calculated and experimental values cen prob-
ably be attributed to a difference in the geometry and properties of the
material used in this study and of that used in reference T.

It was difficult to observe the rates of strain from figure 6, and
figure T was therefore prepared. It shows the strains in the direction
of the epplied stress at verious points along line A-A as functions of
time. Since the general appeerance of these curves is similar to that
of uniaxial creep curves, the zones have been labeled "primary," sec-
ondary," and “tertiary."

2Al'l:hough the stresses at the interior are biexial, they are uniaxial
at the free edges of the specimen. For the edges, it is possible to
obtain values of stress from the observed strain and the uniaxisl stress-
strain diegram (fig. 4). This is what has been done to compute the exper-
imental. value of stress concentration.
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The primary stage is, no doubt, releted to the primery stage which
would occur for tensile speclimens under constant stress. The primary
stage in figure T is somewhat more complex, however, since the stresses
on the fibers are not constant, particularly near the hole. During the
primary stege, the stresses are undergoing continuous readjustment.
Stresses adjacent -to the hole can be expected to decrease or relax, and
those away from the hole can be expected to incresse slightly.

The exlistence of gpproximetely constant creep rates for fibers along
line A-A (see fig. 6) during the secondery stage has tentatively been
taken to imply a fixed or steady-state stress distribution along line A-A.
It should be emphasized that, if a steady state does exist, it exists
only during the secondary stage. . Further, regions sbove and below
line A-A are probably not steady-state regions. It is possible, however,
that the steady-state zone may tend to grow. Fubture additional measure-
ments may reveal this.

Since strain rates decrease awey from the hole, lines originslly
paraellel to line A-A would be expected to rotate with respect to A-A.
Figure 2, which shows photographs of deformed specimens, indicates the
occurrence of such rotetion. As indicated above, further detailed anal-~
ysis of regions adjacent to line A-A should provide more insight into
the kinematics of the deformation.

An ettempt was made to derive the stresses along line A-A by com-
pering the creep rates of figure T (secondary stage) with creep rates
for tensile creep. (Strictly spesking, such a comparison can be made
only at the free edges of the specimen.) This attempt was not successful
because the secondery creep rates from the tests conducted (see fig. 5)
were too low. Further tensile creep tests at higher stress levels should
make such a comparison possible.

After sufficient elongation (and corresponding reduction in area)
of the fiber at the edge of the hole, the creep rate increased until
Practure occurred. It is interesting to note from figure T that the
entire cross section apparently entered a third stage in rapid succession,
even though the strains farther from the hole would not be expected to
do so for some time. This can be attributed to a shifting of load from
the weekened fibers nearest the hole to those farther away.

The net effect of the strains in the area surrounding the hole was
to produce an elongation of the hole in the direction of the applied
stress. Figure 8 shows the hole elongation due to various applied stresses
end figure 9 shows the hole elongation due to creep. The initial hole
elongation (fig. 8) resulted mainly from e smell bub definite plastic
zone adjacent to each side of the hole at the points of maximm stress.
As the stress level increased, the plastic zone spread, causing a still
greater hole elongation.
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The creep elongations of figure 9 had the same general form as ‘that
of a uniaxial creep curve. It is interesting to note that the secondary
rate of hole elongetion was spproximately one-half the secondery rate of
maximm strain (measured immediately adjacent to the hole) in tests at
both 14,000 and 10,000 psi. A comparison was not obtained at 8,000 psi
because it was felt that the strains at that stress were too small to be
relisbly measured by the method that was used. It would be expected that
the hole elongation would be & function of some kind of average of the
adjacent strains. Analysis of more experimental date is necessary, how-
ever, before any definite conclusion can be reached as to whet the nature
of this relationship may be.

Plate Subjected to Tension and Bearing

Figure 10 shows the strains in test specimens that were subjected
t0 the combined effect of bearing.and tension. The total load on each
specimen wes the same as that applied to the specimens of figure 6. The
tension and bearing loads were egual, and the actual load values are
indicated in figure 10. Figure 11 shows the strains as functions of time.
The form of these curves is similar to that of the curves of figure T for
tension alone.

Comparing figures 6 and 10, it is seen that the maximm strains in
the case of combined loading are higher than those for tension alone.
In addition, the strains remain relatively high for a greater distance
away from the hole, indicabting that a larger area near the hole remsins
subjected to high tensile stresses.

The rates of strain adjacent to the hole (from figs. T and 11) for
combined loading are greater than those for tensile loading. Farther
away, however, the rates are gpproximastely the same for both types of
loading. This again indicates that the effect of bearing is less highly
localized. Far away from the hole, the strains can be considered due
entirely to the tensile stresses produced by the applied loads.

Intuitively, it would seem that the rate of compressive creep defor-
mation due to the bearing pin for smell bearing loads would eventually
become stabilized and be small compared with the tensile creep rate. This
would occur as a result of a buildup of materiel in front of the pin.
Evidence supporting this tendency is shown in figure 12. Here the var-
iation of rivet hole elongation with time is shown for three cases of
combined loading. The dashed lines represent hole elongation for the
case of tension alone. In the case of the two lower stresses (8,000 and
10,000 psi) the rate of elongation is approximately the same fqr combined
loading as for tensile loading. Apparently, at 14,000 psi, the specimen
fractured before the rate of bearing deformetion became small. The ratio
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of tensile loadd to bearing loaed was 2:1 for the 14,000- and 10,000-psi
tests and 3:2 for the 8,000-psi test. Even for the high percentsge of
bearing load in the last case, the principal influence on the rate of
hole elongation was the total tensile stress across the section.

Ultimately, it 1s hoped that the observed features of the deformstion
behavior mey provide a hasis for the development of a simplified method
of enslyzing joint deformation. Joint-deformation analysis may, for
example, be simplified if the tensile load acting on section A-A of fig-
ure 1(a) is assumed to be a good index of deformation, regavdless of the
losding combination. For the data presented, the deformations at the
outer edges of the specimens were approximately equel when the tensile
loads across section A-A were the ssme. Further, it appeared that hole
elongation due to bearing deformation in front of the bearing pin mey be
transient when the bearing load is not excessive. Continued hole elon-~
gation proceeded at & rate that appeared to depend on the tensile load
across sectlon A-A.

It should be emphasized that the simplification suggested 1ls to a
large extent speculation based on & limited amount of test data. Before
eny conclusive stgtements can be made, additional work should be conducted.
An asnalysis of tests at more load levels and at several load ratlos would
be particulerly helpful.

Fracture Appearance

Often, the mode of fracture is indicative of the mamner in which
fracture initiates and propagates. Filgure 2 shows the fracture sppearance
of a specimen subjected to tension alone and of a specimen subjected to

tension and bearing. In each case the tensile loa.d.l" was the same. The
ratio of tension to bearing for the combined loading was 2:1.

There were two distinet modes of fracture associated with each
specimen. A form of cup and cone fracture in which the reduction in
thickness was of the order of 50 percent occurred in the highly stressed
region near the edge of the hole. Away from the hole, an abrupt change
to a 45° ghear type of fracture begen and continued to the outer edges
of the specimen. Here, the reduction in thickness waes about 10 percent.

In the case of tension slone, the cup and cone eppearance extended
gbout 0.15 inch from each side of the hole. In the case of combined

3']!ens,:l.le load is defined here as the load acting on section A-A of
figure 1(a). For bearing alone, as in a single rivet lep Jjoint, the
ratio is 1l:1. For tension alone, the ratlo is 1:0.
ensile load through section A-A of figure 1(a).
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loading, the cup and cone sppearence extended about 0.40 inch from the

hole. This indicates that the region of high stress is extended by the 4
combined loading. This fact was also deduced earlier from the appearance

of the strain patterns adjacent to the hole.

It is not too-apparent from figure 2, but only the outer edges of
the fractured specimens fit together. A pert of this gap could have
been contributed by elastic "spring back" in the central portion of the
specimen. A greabter part of the gap is, however, probebly the result of
the deformation continuing at the outer edges while the cracks were pro-
gressing outward.

It is apparent from the above discussion thet fracture in these
tests initiated after the ductility of the materisl adjacent to the hole
was exhausted. Subsequent crack propagsation then occurred quickly with
relatively little local reduction in thickness.

Battelle Memorial Imstitute,
Columbus, Ohio, January 3, 1955.

o
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(b) Tensile test specimen.

Y

(a) Joint-model specimen.

Figure 1l.- Test specimens.




I=95512
Figure 2.- Fracture of plate with hole. Specimen at left was subjected

da
wis

Y
"

[ Y PUpRN R,

VCLUD LULL.

Spe

clmpen

at right was subjected to tension and bearing.

gcLe NI VOVN



14 NACA TN 3758

Bearing block / Tenslon-link lever arm

Tension-rod lever orm ‘ J { O )
71

Top plate To
/ 1m1! dead - weight

‘ : lood
To
dead-weight e oo | % o
load o'
1 ’ﬁ// — ®
lnsuluﬂon/ [ Tension
rod,
e| |e ° ° e} |e
| end
Trunsite—< ° / Comer post
@
Angle-iron frame |
—< @ Furnoce shown locking
= info access doorway;
door removed
Heating elements on —_ @
sides and doors .
@
@
Base plate
@ @ .17 @
V/ V/ 3
Knife edges —<——_ [ Universal joint

Figure 3.- Loading-frame unit. Furnace shown looking into access door-
way; door removed.



Nominal Stress, psi

20

X 10°

S

T

#——-—_‘_‘-

o)

[$

Nominal Strain, percent

gGLS ML VOVN

cT



Strain, percent

3.0

/
]
2.0
/ )
/ //
/;L /
/|
// /
'-OF ,/ //
ps! -"‘/ -
__,‘f'.fc.’ //"{
f 14,000 psi_| L~
’ ~1
10,000 psi ﬂLOLO psI
oo .5 ) 15
Time, hr

Figure S5.- Creep curves for 2024-0 aluminum alloy at 400° F.

oT

gCLE ML VOVH



38 NACA TN 3758 17

Direction of applied load 34

n
o
Y

Stroins measured ofter: —_|
\ | ———— 90 min
2 60 min —_
30 min

o
W\~
aY
¢ NN
\\

Theoreticol elastic
strains

e X —x — x — X X X X X 1 ] X A

Longitudinal Strain, percent
Edge of Specimen

o
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